We investigate the differences in the dynamics of the ultrafast photo-induced metal-insulator transition (MIT) of two VO 2 thin films deposited on different substrates, TiO 2 and Al 2 O 3 , and in particular the temperature dependence of the threshold laser fluence values required to induce various MIT stages in a wide range of sample temperatures (150 K -320 K). We identified that, although the general pattern of MIT evolution was similar for the two samples, there were several differences. Most notably, the threshold values of laser fluence required to reach the transition to a fully metallic phase in the VO 2 film on the TiO 2 substrate were nearly constant in the range of temperatures considered, whereas the VO 2 /Al 2 O 3 sample showed clear temperature dependence.
I. INTRODUCTION
Many applications can benefit from the ability to controllably change the electrical and/or optical properties of some materials that can undergo a metal-to-insulator phase transition (MIT). Vanadium dioxide VO 2 has been a model material for many such studies, as it undergoes a reversible thermally-induced MIT at a convenient transition temperature (T c =340 K for bulk VO 2 ) 1,2 . The MIT in VO 2 can also be induced at sub-picosecond timescales using ultrafast optical pulses 3 , and also by applying sufficiently strong electric fields.
4
VO 2 belongs to a class of highly-correlated materials, in which the electrical properties depend on strong electron-electron interactions. The MIT is currently understood to be due to the interplay of strong electron-electron interactions and a change of the VO 2 crystal structure. [5] [6] [7] . For T<T c VO 2 is insulating and has a monoclinic crystal structure, while for T>T c it is metallic and as a rutile lattice structure 2 . The lower symmetry of the monoclinic phase is characterized by the dimerization of the V +4 ions along the c-axis of the rutile phase 1 . This change in the lattice structure, to which the electron-electron interactions contribute, results in the opening of a band gap in the band structure, illustrated in Fig.1 . 8 .
While a complete description of the transition mechanism has not yet been achieved, it is generally accepted that the MIT in VO 2 is due to the interplay of a Mott-Hubbard electronic instability in which the electron-electron interactions play the critical role, and a Peierls instability of the lattice.
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There are numerous potential applications for VO 2 . 6,13-15 Implementation of such VO 2 -based new technologies requires the ability to tailor the MIT properties to the demands of the particular application. For example, several studies demonstrated that the critical temperature of a thermally-induced MIT can be adjusted by doping VO 2 films, or by applying pressure along the rutile c-axis. [16] [17] [18] . The MIT characteristics also exhibit dependence on the choice of the substrate material. Both VO 2 films were characterized by X-ray diffraction (XRD), as outlined in Ref [7] and Ref [10] . The XRD measurements of the sample grown on Al 2 O 3 substrate show the film orientation in the (020) direction with six-fold in-plane symmetry, corresponding to three possible orientations of the VO 2 grains within the film. The VO 2 film grown on TiO 2 substrate exhibits a mono-crystalline structure, with a single XRD peak corresponding to a highly-strained monoclinic structure approaching a rutile (011) plane. Such high degree of strain is due to the larger lattice constant of TiO 2 substrate resulting in clamping of epitaxial VO 2 films 20,24 .
Unsurprisingly, these structural differences have an effect on the characteristics of the thermo-induced MIT 7 . Namely, the MIT at the VO 2 /Al 2 O 3 sample occurred at higher transition temperature (T c =341 K) and had broader width (T c =26 K), compared to the
. This is possibly due to a wider distribution of grain sizes and strain in the film that has been observed in similar samples in previous papers. 7, [25] [26] [27] .
We measured the DC conductivity with applying a 4-point probe technique and found the DC conductivity of VO 2 on Al 2 O 3 at 370 K to be 2.24 × 10 5 S/m, while the DC conductivity of VO 2 on TiO 2 at 340 K was found to be 3.03×10 5 S/m. We also evaluated the penetration depth at 800 nm for both films. For the film grown on Al 2 O 3 we looked at the reflection and transmission with a cw laser, which gave us a penetration depth of δ = 294 nm, defined as I = I o × 10 −x/δ . The TiO 2 substrate did not have a polished backside, so we used ellipsometry to measure its optical constants at a range of wavelengths between 420 nm to 749 nm. We took this data and extrapolated to get the real and imaginary parts of the optical constants, and determined a penetration depth at 800 nm optical wavelength to be δ = 255 nm. further attenuated using ND2 (OD=3.0). The probe and pump beams were focused on the same spot at the surface of the sample, placed inside the cryostat, using 250-mm and 500-mm lenses, correspondingly. The reflected probe power was measured by the photodetector (PD), and further analyzed using a lock-in amplifier.
For our experiments we used the pump-probe configuration shown in Fig.2 . Our Tisapphire laser system produced 100 fs pulses at a wavelength of 800 nm, which was used for both pump and probe pulses. The size of the focal spot for the pump beam (180 µm diameter) was adjusted to be approximately twice larger than that of probe beam (90 µm diameter) to ensure that the probed area was exposed to relatively uniform pump fluence.
The sample temperatures were controlled using an optical cryostat.
In all measurements, reported below, the relative change in reflection ∆R/R is defined
, where R(τ ) is the power of the measured reflected probe beam as the function of the delay τ between the pump and the probe pulses, and R o is the probe reflected power in the absence of the pump beam. Overall, the temporal evolution of the photo-induced transition in both samples followed similar trends, as illustrated in Fig. 3 . We varied the pump pulse energy and the temperature we held the sample, keeping the initial temperature well below the T c . For both films we observed three distinctive dynamical MIT regimes. Similar behavior has been previously reported by Cocker et al 9 in their studies of the THz probe transmission evolution in a photo-induced MIT in a VO 2 film deposited on Al 2 O 3 . At sufficiently high fluences, we observed a very fast (< 1 ps) change of the probe reflectivity from the value corresponding to the insulating VO 2 state to the fully metallic VO 2 state, that implies that the whole VO 2 films quickly transitioned from the insulating to the fully metallic state (full-MIT phase).
We characterize the minimum pump fluence value required to achieve this full transition metallic puddles within the insulating matrix, observed in the thermo-induced MIT. 28 Fig .   4 shows the change in both samples reflectivity ∆R/R at 15 mJ/cm 2 on a Log-Log scale to characterize the rate of this evolution more clearly. It is easy to see the two distinct time constants of this slow growth for both films, with two distinct switching times. In general, rate of slow growth decreased at the lower values of the pump fluence.
At lower values of the pump fluences, the time evolution of the film became dependent on the temperature of the sample. At higher temperatures if the pump fluences is insufficient to reach the slow growth regime, the reflectivity of the sample after the first few ps returned substrates, the structural differences between the two films clearly affected the experimental The other two threshold values, corresponding to a partial MIT displayed similar temperature dependences for both samples: at lower sample temperatures it required higher pump power to induce the same change in the sample. However, the exact values for Φ M IT and Φ SM were higher for the VO 2 / Al 2 O 3 sample. We also observed the separation of the slow-growth phase and the semi-metallic phase for temperatures below T/T c ≤ 0.7 for the both films.
It is important to note that the MIT dynamics for VO 2 /Al 2 O 3 sample observed in the current experiment using all-optical pump-probe detection, was qualitatively similar to that for a similar VO 2 /Al 2 O 3 sample studied by Cocker et al. 
V. MECHANISMS OF ULTRAFAST MIT
Accurate theoretical description of the fast dynamics of the electron system in VO 2 is a very challenging problem. It requires a proper description of the strong electron-phonon coupling and of the strong electron-electron correlations in the insulating phase, and of the interplay between these correlations and the lattice structure dynamics. However, the analysis of the experimentally measured time evolution of the VO 2 reflectivity after the pump pulse may allow us to infer qualitatively the dominant processes that govern the dynamics in the VO 2 films that we have studied and, in particular, how these processes differ between VO 2 films deposited on TiO 2 and on Al 2 O 3 .
After the pump pulse the reflectivity, ∆R/R, of the VO 2 film, that is initially in the insulating phase, increases on a very short time scale 11 , shorter than our time resolution ∼ 0.5 ps, as shown in Fig. 3 . The change in reflectivity soon after the pump pulse was shown to be directly proportional to the pump fluence, 11 and therefore can be attributed to the almost instantaneous excitation of electrons from the valence band to the conduction band of the monoclinic phase of VO 2 by the pump pulse.
As shown clearly in Fig. 3 , and described in the previous section, the behavior on time scales longer than 1 ps strongly depends on the pump fluence and the temperature of the sample 9 .
For sufficiently high values of the fluence Φ ≥ Φ f ull−M IT , the reflectivity increased to the values matching that of the fully metallic VO 2 film 7 . This indicates that for this regime the population of electron-hole excitations created by the pump pulse was large enough to cause a structural deformation 11,31 throughout the whole VO 2 film and nearly instantaneously drove it from the monoclinic to the rutile phase. The rutile phase is metallic and therefore the excited electrons have no states in the valence band to which they can decay to. For this reason, the film remains metallic until the lattice cools down to temperatures below T c causing the reversed transition from rutile to monoclinic. This relaxation process is slow and takes place on time scales much longer (> a few ns) than the time interval (few hundred ps) considered in this experiment.
In the limit of weak pump pulses (below a threshold value Φ M IT ), the observed change in reflectivity did not last much beyond the duration of the pump pulse, quickly returning to its original value. This can be attributed to the fast relaxation of the particle-hole excitations created by the pump laser: since the number of electron-hole excitations is not high enough to induce a coherent lattice deformation and to drive a noticeable fraction of the VO 2 film from the monoclinic insulating phase to the rutile metallic phase, electrons decay quickly from the conduction to the valence band of the monoclinic structure, quickly restoring the original value of the measured reflectivity.
The time evolution of the reflectivity is more complex at intermediate values of the fluence
For these values, the reflectivity kept increasing after the almost instantaneous step. We attribute this behavior to the fact that for Φ M IT < Φ < Φ f ull−M IT the population of electron-hole excitations created by the pump pulse is large enough to trigger the coherent structural deformation that drives the lattice from the monoclinic phase to the rutile phase in some regions of the sample but not in the whole sample. The rutile regions initially form, then heat up the surrounding monoclinic regions and drive them to the rutile phase, as well. This process leads to coarsening of the metallic regions, and may be responsible for the observed continuing increase of the reflectivity on time scales of the order of tens of picoseconds. It also may explain the existence of two timescales in the slow growth regime, shown in Fig. 4 : at shorter times the change in reflectivity can be dominated by lattice vibrations that can persist up to 100 ps after the initial pump pulse excitation 18 .
At later times, heat diffusion mechanisms dominate the transition dynamics.
In this model we expect the values of Φ M IT to decreases as the sample temperature approaches the critical temperature of the thermo-induced transition, since a lower number of electron-hole excitations is necessary to drive the structural phase transition. It is also expected that the semi-metallic phase should appear at the lower temperatures (T/T c < 0.7
for both samples) and lower pump fluences Φ M IT < Φ < Φ SM , corresponding to a situation in which the power is sufficient to trigger the MIT transition in isolated regions, but not enough to induce the growth of the metallic regions to the rest of the sample.
We now discuss how the measured structural differences between the two VO 2 films may affect the dynamics of the photo-induced MIT. The large measured strain induced by the TiO 2 substrate indicates that the equilibrium monoclinic VO 2 film is already deformed toward rutile structure, thus making the structural transition easier. This, and the more ordered mono-crystalline structure of the VO 2 /TiO 2 samples seems to favor the formation of the more uniform nucleation sites during MIT, as evident by a the narrower thermally-induced MIT in this sample, happening at lower critical temperature. The significantly broader width of the MIT transition in the VO 2 /Al 2 O 3 sample implies the broader distribution 25 of the metallic nucleation cluster sizes compared to VO 2 /TiO 2 samples, as the connection between the width of the thermally-induced MIT and the structure of the film have been demonstrated previously.
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These structural differences may also play a critical role in explaining the observed differences in temperature dependence of the full MIT threshold Φ f ull−M IT for the two samples.
The absence of the temperature sensitivity of Φ f ull−M IT for VO 2 /TiO 2 sample indicates that once the critical density of the photo-electrons is reached, the whole film undergoes the MIT uniformly, independently of its original temperature. While there is no direct proof, this observation is consistent with a more strained and more ordered monocrystalline structure of the sample, as well as the sharper thermally-induced MIT transition. In contrast, the less ordered structure of the VO 2 /Al 2 O 3 sample may give rise to stronger local variations of the critical temperature throughout the sample (as indicated by a much wider thermally-induced MIT transition). This non-uniformity can then be reflected in stronger local variations in the critical density of particle-hole excitations necessary to induce the coherent lattice distortion and to drive the structural transition, resulting in the critical density of electron-hole excitations necessary to drive the full MIT in the whole sample to be temperature-dependent.
We can attempt to estimate the minimum pump fluence values required to excite the critical density of photoelectrons to match the free electron density in the metallic phase of the VO 2 film in equilibrium (above the critical temperature). First, we estimate the electron density in the metallic VO 2 films from the measured dc electrical conductivity, using the Drude-Smith model 32 :
where n is the electron density, τ DS is the scattering time, m * is the effective mass of the 
VI. CONCLUSION
In conclusion, we have investigated the role of substrate-induced microstructure on the ultrafast dynamics of the photoinduced metal-insulator transition in VO 2 films, using optical pump-probe techniques. In particular, we have identified the characteristic patterns of the MIT dynamics that depend on pump laser energy and the temperature of the film, and measured the threshold pump fluence values that characterize the onset and full MIT between such behaviors. We found that two VO 2 samples -one grown on sapphire substrate, and the other grown on rutile substrate, require rather similar threshold laser fluence values, despite a rather significant (30 K) difference in the critical temperature for the thermallyinduced MIT. We also identified several important differences, summarized in dynamics of films on difference substrates will potentially allow for the selection of desirable traits in the MIT, which is important for future VO 2 -based technologies. 
